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Abstract Interstitial free sheet steels show transient work
hardening behavior, i.e., the Bauschinger effect and cross
hardening, after changes in the loading path. This behavior
affects sheet forming processes and the properties of the
final part. The transient work hardening behavior is
attributed to changes in the dislocation structure. In this
work, the morphology of the dislocation microstructure is
investigated for uniaxial and plane strain tension, mono-
tonic and forward to reverse shear, and plane strain tension
to shear. Characteristic features such as the thickness of
cell walls and the shape of cells are used to distinguish
microstructural patterns corresponding to different loading
paths. The influence of the crystallographic texture on the
dislocation structure is analyzed. Digital image processing
is used to create a ‘‘library’’ of schematic representations of
the dislocation microstructure. The dislocation micro-
structures corresponding to uniaxial tension, plane strain
tension, monotonic shear, forward to reverse shear, and
plane strain tension to shear can be distinguished from each
other based on the thickness of cell walls and the shape of
cells. A statistical analysis of the wall thickness distribution
shows that the wall thickness decreases with increasing
deformation and that there are differences between simple
shear and uniaxial tension. A change in loading path leads
to changes in the dislocation structure. The knowledge of
the specific features of the dislocation structure corre-
sponding to a loading path may be used for two purposes:
(i) the analysis of the homogeneity of deformation in a test
sample and (ii) the analysis of a formed part.
Introduction
Metal forming processes generally involve a large defor-
mation and one or more loading path changes. In many
cases, this may result in the development of oriented dis-
location structures as shown in [1, 2], which result in
anisotropic flow, hardening, and complex stress-deforma-
tion behavior. Among the first to investigate the effect of
different loading paths on microstructure evolution,
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Fernandes and Schmitt [3] examined the microstructure and
glide system activity resulting from uniaxial tension, plane
strain tension, biaxial tension, as well as uniaxial to biaxial
tension loading path changes in low carbon steel. Their
results demonstrated that newly created dislocation struc-
tures in the second stage of two-stage deformation tests are
similar to the dislocation structures observed in monotonic
tests. In addition, a saturation of the dislocation micro-
structure was observed for large strain amplitudes after path
changes. Here and in the following, the term saturation of
microstructure means that the morphology, especially the
shape, of the dislocations’ patterns does not evolve with
increasing monotonic deformation once a particular pattern
has been established. Pantleon and Stoyan [4] supported this
concept with a statistical model for the correlation or more
precisely anti-correlation of the misorientation angles
across a large number of dislocation boundaries. Their
results can be interpreted in the sense that there might be
ordering mechanisms governing the formation of disloca-
tion boundaries. Rauch and Schmitt [5] established links
between the macroscopic tests involving loading path
changes and the observed microstructure. In particular, they
investigated low carbon steel subjected to different
sequences of simple shear. Lins et al. [6] characterized the
microstucture of interstitial free steel after hot rolling by
SEM and transmission electron microscopy (TEM) meth-
ods. Wilson and Bate [7] conclude in their study on low
carbon steel that the effect of grain morphology and texture
on phenomena like cross hardening is small compared to the
effect of the dislocation structure. Nesterova et al. [1, 2]
carried out an X-ray diffraction (XRD) investigation of the
dislocation structures developing in low carbon steel during
two-stage tests involving different sequences of simple
shear and uniaxial tension to simple shear. An evolution of
certain components of the c-fiber was observed for large
shear and reverse shear in their studies. Nesterova et al.
observed differences in the morphology of dislocation walls
in their shear tests depending on the particular orientation
within the c-fiber of a grain. Vincze et al. [8] conducted
tests with strain reversal in combination with variations in
the ambient temperature (20 and -120 C) for the pre-
straining and loading reversal steps. Tests at low tempera-
ture were carried out to impede dislocation movement and
the corresponding patterning. Vincze et al. ‘‘concluded that
the physical process responsible for the transient stagnation
of strain hardening is related to the nature of the dislocations
generated during the pre-strain and [to] their evolutionary
law during reloading,’’ such that ‘‘the mechanical behaviour
is controlled by individual interactions between the moving
dislocations and the obstacles lying on their slip planes
rather than [by] some cell structure evolution.’’
In all investigations of low carbon steel specimens
subjected to load reversal, dissolution of dislocation cell
structures upon load reversal was observed. Such an effect
was also observed earlier by Hasegawa et al. [9] in com-
mercially pure aluminum. In particular, several authors
concluded that the dissolution of preexisting cell structures
is responsible for the observed hardening stagnation and
softening after load reversal [1, 2, 5, 7, 10, 14]. Figueiredo
et al. [11] also showed that cyclic bending influences the
mechanical properties of drawn bars manufactured from
AISI 1010 steel. The correlation of the strain path and the
dislocation structures resulting therefrom was also inves-
tigated for fcc material by Ding et al. [12] and Landau et al
[13] for an aluminum alloy and copper, respectively. Based
on tests at different temperatures, Vincze et al. [8] addi-
tionally concluded that load reversal also affects the dis-
location annihilation rate and/or the mean-free path. Cross
hardening was attributed to the fact that dislocation struc-
tures which formed during the first loading stage represent
additional obstacles for the activation of new glide systems
at the start of the second loading stage. The loading-driven
glide of these new systems then results in a breakdown and
dissolution of the ‘‘old’’ dislocation structures formed
during the previous loading stage, representing hardening
stagnation and softening in stress-strain space. Dislocation
glide in the new loading direction results in the buildup of
dislocation structures aligned with respect to the new
loading direction, analogously to the case of monotonic
loading in the new loading direction from the start. The
understanding of these microstructural interactions is
essential to the development of phenomenological poly-
crystal, e.g., [15–18], and crystal plasticity models, e.g.,
[19, 20], for anisotropic flow and, in particular, cross
hardening. In this context, Beyerlein at al. [21] analyzed
transient hardening in copper during equal channel angular
extrusion with the help of of a crystal plasticity model.
Wang et al. [22] showed that cross hardening may have an
effect on the geometry of split rings after springback. The
investigated rings were cut out of an axis-symmetric cup
manufactured by sheet metal forming. Thuillier et al. [23]
observed an influence of the Bauschinger effect and hard-
ening stagnation on the punch force during a two-stage
drawing process.
Based on macroscopic testing and microstructure char-
acterization by XRD and TEM, the purpose of the current
work is the investigation of the stress-deformation behavior
and microstructure development in an interstitial free bcc
steel as a function of the type of loading path and crys-
tallographic orientation. In a comprehensive analysis, the
morphologies of dislocation structures reported in different
previous works are compared with the current investiga-
tions for additional loadings. This serves the purpose of
establishing a comprehensive overview of morphological
features corresponding to a particular loading path. The
loading paths investigated in the current work include
J Mater Sci (2013) 48:674–689 675
123
(i) monotonic loading in simple shear, (ii) forward-reverse
(cyclic) loading in simple shear, and (iii) orthogonal
loading from plane strain tension to simple shear. In par-
ticular, the latter is in contrast to previous studies, which
focused on uniaxial rather than plane strain tension.
Although the stress-deformation behavior of DC06 for this
latter type of loading has already been investigated [24],
the corresponding microstructure development in DC06
has not been reported on in the literature. The present work
contributes to the creation of a ‘‘library’’ of representative
dislocation microstructures and their corresponding stress-
deformation relation for the class of ferritic interstitial free
steels. Attention is paid to the analysis of the morphology
of larger scale dislocation structures as dense dislocation
walls as well as to the morphology of smaller scale single
dislocation cells. Strain levels relevant for sheet metal
forming operations, i.e., equivalent strains of 0 to approx.
0.3, are investigated. Sheet metal parts having experienced
such characteristic levels of deformation are investigated in
the literature, e.g., in [25]. For this purpose, schematics of
the dislocation microstructure are created with the help of
image processing in order to highlight the important fea-
tures for different loadings. The wall thickness distribution
for uniaxial tension and simple shear and its evolution with
increasing strain is analyzed statistically.
At first, basic properties of the tested material DC06 and
the result of the mechanical tests are discussed. The ter-
minology for the description of the dislocation micro-
structure is introduced. The initial texture and the evolution
of texture are analyzed for deformation modes relevant for
this work. Characteristic and representative features of the
dislocation microstructure are described on the basis of
actual TEM micrographs and their corresponding sche-
matics. Here, representative means that the investigated
crystals have orientations which are representative of the
material. In this context, the crystallographic texture is
interpreted as a statistical quantity inherent to the material.
The investigated characteristic features are the thickness of
cell walls, the number of cells per grain, and the shape of the
cells. The correlation between the dislocation microstruc-
ture and the observed transient behavior in stress-defor-
mation relations is analyzed. The work concludes with a
discussion of the observed findings and their relevance.
Material testing
Material
The interstitial free steel DC06 belongs to the category of
cold-rolled low carbon steel processed to flat products and is
used for cold forming. It is a sheet steel quality mostly
manufactured for the automobile industry by ThyssenKrupp
Steel Europe. Table 1 states the chemical composition of
the interstitial free steel DC06 (thickness 1.00 mm) deliv-
ered by ThyssenKrupp Steel Europe AG according to [26].
After cold rolling, the material was annealed and sub-
jected to a final skin-pass by the manufacturer. The average
Young’s Modulus E over the three directions 0, 45, and
90 with respect to the rolling direction is determined as
181000 MPa with Poisson’s ratio m = 0.3. The initial tex-
ture is a fiber texture with the h111i direction oriented par-
allel to the sheet normal direction. The average grain size is
20 lm with single grain sizes ranging from 5 to 60 lm.
Average r-values are computed by evaluation of the
ratios of the total plastic strain for the beginning of
the plastic deformation (i.e., a plastic strain of 0.002) to the
uniform strain (i.e., the strain before necking), resulting in
r0 = 2.31, r45 = 1.95, r90 = 2.77. All test specimens used
in this work were prepared from the same batch.
Types of testing
In the current work, testing results were obtained for the
following loading programs: (i) uniaxial tension at 0, 45,
and 90 to the rolling direction, (ii) plane strain tension,
(iii) monotonic and cyclic simple shear, and (iv) plane
strain tension to shear orthogonal loading. The uniaxial
tension tests were performed at the Institute of Material
Science and Engineering in Chemnitz. The plane strain
tension tests were performed on the biaxial tester at the
Faculty of Engineering Technology (CTW), the University
of Twente. In particular, this latter device is capable of
loading a sheet metal specimen in both simple shear and
plane strain tension.
It consists of a regular uniaxial testing device which is used
to achieve plane strain tension in the sample via an actuator. A
subframe mounted between the cross bars accommodates the
actuator for simple shear deformation. The deformation is
applied to the sample as indicated in Fig. 1.
The ratio of the height of the deformation region to the
sample thickness is chosen in order to minimize the chance
of buckling during simple shear, here 3:1. Furthermore, in
order to achieve homogeneous deformation in the mea-
surement area, the ratio of the width to the height is large,
i.e., in this case, 15:1, as shown in Fig. 1. The deformation
is measured in an area within the deformation zone (see the
magnified region on the right of Fig. 1).
Table 1 Chemical composition of DC06 according to [26]
C Si Mn P S Al N Ti
3 18 137 13 10 35 2.7 79
All values are given as multiples of 10-5 mass fraction and were
determined by ThyssenKrupp Steel Europe [27]
676 J Mater Sci (2013) 48:674–689
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The deformation field xi = vi(XJ) in the material during
the tests is determined by an optical measurement system
described in [24, 28]. Here, XJ and xi denote the coordi-
nates of material points in the initial (undeformed) and
current (deformed) configuration, respectively. From this,
the components FiJ(XJ) = qvi(XJ)/qXJ of the deformation
gradient are determined. Analogously, the force measure-
ments are represented in terms of the components Tij of the
Cauchy stress, i.e., force per unit current area. The current
area is computed by exploiting the relation det(F) = 1 for
isochoric deformation. Further details on the experimental
setup can be found in [24].
Testing results
Consider first the results for uniaxial and plane strain ten-
sion shown in Fig. 2. The yield stress in plane strain ten-
sion is about 18 % higher than in the uniaxial tension case.
Also, due to the different kinematics and the anisotropy of
the material, the hardening behavior observed in Fig. 2 is
different. This is consistent with earlier results for IF-steel
obtained by [29]. In the current work, attention is focused
on the investigation of the loading path dependence of the
material behavior and the concomitant microstructure
development under quasi-static conditions.
Consider next the case of load reversal in simple shear
as shown in Fig. 3.
In accordance with earlier observations, e.g., [24, 30,
31], for interstitial free steels like DC06, the material
exhibits the Bauschinger effect [32], i.e., early reyielding
after unloading and load reversal, followed by hardening
stagnation. The levels of kinematic hardening and harden-
ing stagnation are clearly dependent on the amount of pre-
shear. A difference of approximately 50 MPa for the largest
amount of pre-shear can be observed (T12 = 225 MPa
before load reversal and T12 & 175 MPa at reyielding).
Finally, results for plane strain tension to simple shear
orthogonal loading are shown in Fig. 4.
The plane strain tension to simple shear deformation was
obtained via unloading after the tension phase (10 %) and
after reloading into the shear phase. To gain insight into the
reason for these tendencies in the stress and deformation
behavior as a function of loading path, we now turn to the
investigation of the corresponding microstructure develop-
ment. In this context, it is important to mention that the
transient work hardening behavior after load reversal or an
orthogonal loading path change in interstitial free steels
affects the forming process and the properties of the final
parts [22, 23]. The current study deals with the question as
to which extent the knowledge of the specific features of the
Fig. 1 Biaxial test setup. Geometry of the tension-shear specimen
and the measurement region of height 3.0 mm and width 45.0 mm.
The checkered region indicates the actual specimen and the black
area marks the actual deformation zone. The tension direction is
direction 2 and the shear direction is direction 1
F22 − 1
T 2
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ps ten
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Fig. 2 Cauchy normal stress T22 as a function of F22 - 1 for uniaxial
tension (uni ten) and plane strain tension (ps ten) at 10-3 s-1 (quasi-
static)
F12
T 1
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Fig. 3 Cauchy shear stress T12 as a function of F12 for load reversal
after shear up to 13 % (cyc 1), 49 % (cyc 2), and 67 % (cyc 3). See
text for discussion
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dislocation microstructure can be used in the context of
sheet metal forming.
Microstructure investigation
TEM sample preparation
The dislocation microstructure development due to loading
is investigated in this work with the help of TEM. To this
end, TEM foils in the form of flat disks with a diameter of
3 mm and a thickness of approximately 500 lm were cut
from the center of the deformation zone of the deformed
sample (Fig. 1) by wire eroding. These disks were
mechanically thinned down to 100 lm and electropolished
on both sides with an electrolyte consisting of 120 ml 40 %
perchloric acid, 440 ml butoxyethanol, and 440 ml 100 %
acetic acid in a Struers Tenu Pol 5 electrolytic polishing
machine. All TEM investigations were conducted on a
JEOL JEM2010 transmission electron microscope with a
200 kV electron gun.
Texture analysis
In addition to the characterization of the local orientation
with the help of the diffraction patterns gained by TEM
analysis, the bulk texture of the material was characterized
by XRD at the Institute of Materials Science and Engi-
neering, TU Chemnitz University. For this, a Siemens
D5000 diffractometer operating at 40 kV and 15 mA
(Co-Ka radiation) was used to measure three incomplete
pole figures of the {200}, {220}, and {211} planes.
The samples were cut from the center of the specimen
along the sheet thickness. Orientation distribution functions
(ODF) were computed from the raw data by the MTEX
[33] software. The MTEX algorithm is based upon the
minimization of a least-square functional. Between 9000
and 13000 orientations were processed per sample. The
Bunge convention for the Euler angles is used in this work.
Sample symmetries are not exploited such that, in the Euler
angle representation of the ODF, u1 ranges from 0 to
360.
The analysis of the texture in the as-received state and in
deformed states (uniaxial tension, plane strain tension,
simple shear) was performed to identify the crystallo-
graphic orientations which are relevant for the bulk material
in a statistical sense. The effect of the applied deformations
on the evolution of texture was analyzed. For this purpose,
the u2 sections of the Euler space are analyzed.
The nomenclature used in [1, 2] is mainly adopted in the
description of the textures and the corresponding analysis
of the evolution of the dislocation microstructure. In this
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ps ten shear
monotonic shear
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Fig. 4 Shear stress T12 as a function of F22 ? F12 - 1 (plane strain
tension to simple shear)
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Fig. 5 Euler angle representation of ODF computed from the
measured diffraction data along the u2 = 45 sections. All angles
are given in degree. a As-received, b After 10 % (aP = 9.5 %)
uniaxial tension in RD, c After 10 % (aP = 11 %) plane strain tension
in RD, d After 35 % shear (aP = 20 %) along RD
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context, the first and second reference axes of the sample
system are the tension direction (TenD) and the transverse
direction (TD), respectively, for the investigated tension
cases. The TenD was aligned with the rolling direction
(RD) for the samples discussed in this work. The first and
second reference axes of the sample system are the shear
direction (SD) and the shear plane normal (SPN), respec-
tively, for the texture analysis shown in Fig. 5. In this case,
the rolling direction (RD) coincides with the shear (direc-
tion). As mentioned before, in the as-received state, there is
a strong c-fiber (i.e., the h111i direction is parallel to ND or
u2 = 45, / & 55 ± 5) which is characteristic of cold-
rolled IF-steel.
Plane strain tension in the rolling direction leads to an
increase of the intensity of the rolling texture with a
strengthening of the c2-component (u1 = 0, consistent
with the terminology used in section III of [2]) as Fig. 5c
shows. The same tendency with a stronger concentration
around u2 = 0 and u2 = 60 is observed for uniaxial
tension (see Fig. 5b). Simple shear along the rolling
direction leads to a reorientation mainly of the c2-compo-
nent and a strengthening of the c1-component (u1 = 30)
as reported in [2]. Nesterova et al. [2] performed texture
simulations with a simplified full-constraints Taylor model
to analyze the reorientation path of orientations belonging
to the c-fiber. On the basis of the texture analysis of the
material investigated in this work, we conclude that it
shows a qualitatively comparable texture evolution to the
IF-steel investigated in [2]. Earlier results of Bacroix and
Hu [34] show that the final texture after shear is indepen-
dent of the direction of shear in the plane described by the
rolling direction and the transverse direction. Since the
c-fiber and its components are representative of the mate-
rial, the TEM analysis focuses on c-grains.
Characterization of dislocation microstructure
For the description of the dislocation microstructure, the
following terminology is used which is mainly adopted
from [35, 36]. Two types of dislocation boundaries are
distinguished based on their formation: geometrically nec-
essary boundaries (GNBs) and geometrically incidental
boundaries (IBs). The GNBs are necessary to accommodate
misorientations induced by differences in dislocation glide
in different regions of a volume element according to [36].
Here, the misorientation between two elements of the
microstructure refers to the change in local lattice orienta-
tion. The IBs are boundaries that form due to ‘‘statistical
mutual trapping of glide dislocations often supplemented by
‘forest dislocations’ ’’ according to [37]. In the specimens
analyzed for this work, the misorientation between an IB
and adjacent regions is close to the range of the maximum
accuracy of the measurement method. In this work,
misorientations were determined by interpretation of dif-
fraction patterns in TEM images. For the current investi-
gations, the maximum accuracy for the determination of
misorientations lies between 0.5 and 0.8. Both types of
boundaries have a considerably larger dislocation density
than the adjacent regions. Based on their appearance in
TEM micrographs, the following differentiations are made:
A (dislocation) cell interior (CI) is defined as a region of the
lowest dislocation density and basically uniform dislocation
distribution. These cell interiors are surrounded and sepa-
rated from other cells by regions of higher dislocation
density, termed (dislocation) cell walls (CWs). The change
in local lattice orientation from a cell to a wall, referred to in
this work as the misorientation between these, falls in the
range of 1.0–1.5. This means that CWs are an example for
IBs. Cell walls may confine CIs. Walls with the highest
dislocation density are called dense dislocation walls
(DDWs). They belong to the group of GNBs. In the
investigated samples, the misorientation between DDWs
and adjacent regions is at least 1. Since the accuracy of the
method used for determining the misorientation falls in this
range, a determination of an absolute value is problematic.
A similar procedure as described by Rybin (pp. 23–24 of
[44]) for the determination of misorientations was used.
When we refer to the misorientation between a DDW and
an adjacent region, it means that we measured the orien-
tation within the DDW close to its edge and outside the
DDW also very close to the edge. In a similar work,
Hughes and Hansen [51] determined a minimum average
misorientation angle of 1.2 for an equivalent strain of 0.12
in nickel. The interpretation of the diffraction patterns
analyzed in this work showed that the misorientations
between GNBs and adjacent regions are roughly three
times larger than those of IBs and adjacent regions. In
general, DDWs extend across several cells and can extend
across grains. In turn, groups of cells and surrounding walls
form so-called cell blocks (CBs) separated from each other
by cell-block boundaries (CBBs). CBBs are a special case
of DDWs which delimit cell blocks. With progressing
deformation, double walls (DWs) form when a single
DDW splits into (two) separate walls.
TEM analysis procedure
As mentioned before, the analyzed TEM foils have a
diameter of 3 mm with the diameter of the hole being
approx. 1 mm. The zone which can be effectively inves-
tigated extends radially 30 lm into the disk, so that approx.
100000 lm2 of each foil can be investigated. Of this total
area, approx. 1/3 can be analyzed in detail because the
illumination conditions in the regions close to the hole and
further away from the hole are not sufficient. Before pro-
ceeding with the analysis, the diffraction pattern was
J Mater Sci (2013) 48:674–689 679
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checked for symmetry. With an average grain size of
20 lm, an average grain area of approx. 300 lm is
obtained.
This means that approx. 1000 grains can be investigated
per foil. 50–100 images of such suitable and well-illumi-
nated grains were taken. At least 80 % of the taken images
show grains belonging to the c-fiber. In the description of
the crystallographic orientations of the TEM images, a
simplified differentiation of the c-fiber grains (i.e., a h111i
direction is parallel to the normal direction) is made. In this
work and a previous work [27], only grains belonging to
the c-fiber are shown.
In the plane strain and uniaxial tension tests, a grain
belongs to the c1 fiber if a h112i direction is within 10 to
RD. In tension, a grain belongs to the c2 fiber if a h110i is
within 10 to RD. All other grains of the c-fiber are referred
to as general c grains. Note that in tension, the c2 fiber is
stable as the texture analysis (Fig. 5) has shown. This is
consistent with the definition used in [2]. In shear, the two
cases, i.e., where the shear direction (SD) is parallel to the
RD or the SD is parallel to the transverse direction (TD),
are distinguished as follows: If the rolling direction (RD)
and the shear direction (SD) coincide, the aforementioned
definitions for tension are adopted. If the SD coincides with
the transverse direction (TD), we define the c1
* grains as
those with a h112i direction within 10 to SD. Conse-
quently, the c2
* grains are those with a h110i within 10 to
SD. The definition of the general c case is analogous to the
aforementioned cases.
For comparison purposes, the equivalent strain aP
according to von Mises was computed and isochoric, ideal,
isotropic plasticity was assumed. Table 2 lists the speci-
mens which were analyzed by TEM. Specimens of TEM
images shown in this work are marked with an asterisk*.
The investigated levels of deformation are in the range
relevant for sheet metal forming.
The schematics shown in Figs. 7, 9, 12, 13, and 14 were
created by applying the digital image processing described
above to the original images. In a previous work on cell
structures by Juda et al. [38], the cell structure in GaAs and
CaFa2 single crystals was investigated.
Figure 6 shows the effect of the applied image pro-
cessing for a single cell after 11.5 % shear (aP = 6.6 %)
in the rolling direction. At first, the contrast is adjusted so
that 3 % of the pixels saturate at both ends of the
intensity range, i.e., 0–255. The image is then binarized.
The morphological operations opening and closing with a
structuring element of a 3 by 3 cross were performed.
The application of these operations in the context of
microscopy is discussed in [39] and generally in [41]. As
the last step of the automated process the function
‘‘Outline,’’ an edge detection algorithm of the program
Image J [40] was used. As a final step, manual correc-
tions were made for the images shown in this work. A
careful inspection of Fig. 6b and Fig. 7b shows that lines
in the final schematics are straighter or more continuous
leading to a less busy appearance. The line width of some
lines (e.g., grain boundaries) was also modified in this
regard because the line widths after the automated oper-
ation are rather thin as Fig. 6b shows. Such semi-auto-
mated processing of approx. 10 TEM images per
deformation mode and increment in deformation was used
in order to obtain information on the statistical relevance
of observed features. In addition, an analysis of the sta-
tistical distribution of the thickness of DDWs was per-
formed (see Sect. Histographic analysis).
In the current work, the dislocation density was deter-
mined as the projected, summed length of a given area per
volume according to [42, 43]. This method was used for the
determination of the dislocation density in CBBs when
single dislocation lines could be distinguished at a suitable
magnification. In the case of very distinct CBBs, an esti-
mation of the dislocation density in CBBs was performed.
Table 2 Specimen analyzed in TEM
A: Tension in rolling direction
Uniaxial Plane strain
F22 - 1 0.05
* 0.1 0.2* 0.3 0.08* 0.2*
aP (%) 4.9 9.5 18.2 26.2 8.9 21.1
B: Monotonic simple shear
In RD In TD
F12 0.1 0.3
* 0.115* 0.3 0.5
aP (%) 5.8 17.3 6.6 17.3 28.9
C: Loading with strain path change
Forward ? Reverse shear Ps tension ? shear
F22 - 1 – – 0.11
*
F12 0.12 ? 0
* 0.12 ? 0.06 0.35*
aP (%) 13.9 10.3 30.3
1 μm
(a)
1 μm
(b)
Fig. 6 Effect of image processing for the example of a single cell
after 11.5 % (aP = 6.6 %) shear in the rolling direction. a Original
image, b After image processing
680 J Mater Sci (2013) 48:674–689
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The basis for this was the relative gray level in the TEM
image compared to other regions in the same image.
Plane strain and uniaxial tension
During uniaxial tension of DC06 at room temperature,
CWs begin to form from dislocation tangles at about 5 %
deformation. After approx. 12 % tension, basically all
tangles are incorporated into CWs or DDWs. Further
deformation results in an increase in the misorientation
angle between CIs and CWs or CBBs. The formation of
such CBBs might induce the formation of sharp boundaries
referred to as blade-like plates [44] on the level of several
grains (10–100 lm). Solid white lines with plain arrows
indicate crystallographic directions and white lines indicate
traces of crystallographic planes in the micrographs.
Figure 7 shows a region at 5 % deformation (equivalent
strain aP = 4.9 %) in uniaxial tension and Fig. 9 shows a
region at 8 % deformation (aP = 8.9 %) in plane strain
tension. Both these grains belong to c2-fiber which is
characteristic for tension deformation. Note that the CBBs
are much more pronounced at 20 % tension (Fig. 8). The
CBBs in plane strain tension at higher deformation (see
Fig. 10) show stronger curvature than in the uniaxial case.
In particular, the alignment of the CBBs with the TenD is
more pronounced in the uniaxial (Fig. 7) than in the biaxial
(Fig. 9) case. This is just one indication of the different
stress states acting in the two cases.
During tension, CBBs initially form with respect to {110}
systems. As loading proceeds, CBBs associated with {112},
and above 15 % deformation, with {123}, systems, can also
be observed. Activity on {110} systems was also reported in
[46, 47], while [48] reported activity on {123} in iron. As
suggested in particular by the uniaxial results in Fig. 7, the
formation of the incipient CB-CBB dislocation structure may
be referred to as fragmentation. The intensity of fragmenta-
tion, i.e., the number of CBs per volume or area, is relatively
high in the uniaxial case and not as high for plane strain.
The CBBs in the uniaxial case are sharper, meaning that
they are not as thick (an average of &100 nm in Fig. 7.
compared to an average of &300 nm in Fig. 9). A more
detailed analysis of the distribution of DDWs is presented in
the next section. In addition, the curvature of single CBB
segments is higher in plain strain tension (see e.g., the hor-
izontal CBBs in the center of Fig. 9). The dislocation density
1 μm
TenD, RD
[01-1]
(01-1)
(-211)
(a)
1 μm
CW
CB
CB
CBB
(b)
Fig. 7 Fragmentation of CI-CW dislocation structure into CBs and
incipient CBBs (emphasized by the dashed lines) at 5 %
(aP = 4.9 %) deformation in DC06 subject to uniaxial tension in
the RD, which is the same as the tension direction (TenD). Single
CBB segments are rather straight in this c2 grain. A single cell wall
which does not encompass a closed segment is marked as CW. The
circle (in b) highlights a cell interior interspersed with incidental
dislocation boundaries. The dashed lines in (b) highlight preferred
directions of CBBs. a Micrograph, b Schematic
1 µm
TenD, RD
[-101]
(-110)
Fig. 8 Characteristic CBBs after 20 % (aP = 18.2 %) uniaxial
tension in the RD for the central c2-grain
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in the CBBs in plane strain tension is lower than in the uni-
axial case. In summary, the CBBs in plane strain tension
seem to be more diffuse. The CBBs are usually aligned with
the macroscopic loading direction, e.g., the tension (TenD)
and rolling direction (RD) in Fig. 7.
For plane strain tension, CBBs are less well-aligned with
the loading-rolling direction (TenD = RD) than in the case
of uniaxial tension. For the same normal strain, the number
of cells is twice as high in uniaxial tension compared to
plane strain tension. Other plane strain (see Fig. 10) and
uniaxial tension samples investigated in this work confirm
that the appearance of the dislocation structure in plane
strain tension becomes more similar to the uniaxial tension
case for higher applied strains.
In some grains, CBBs become more diffuse, i.e., they
show stronger curvature and single segments are shorter,
when they are close to a grain boundary. This is especially
the case when the orientation between the neighboring
grains is large.
Monotonic and reverse shear
Monotonic shear
In the case of simple monotonic shear, CBBs are thicker than
in uniaxial tension (average thickness in Fig. 7 &100 nm
compared to 250 nm in Fig. 12) and slightly thinner than in
the plane strain tension case (average thickness in Fig. 9
&300 nm). This is discussed in more detail in the next
1 μmTenD, RD [011]
(01-1)
(a)
1 μm
CB
GB
GB CBBs
(b)
Fig. 9 Fragmentation of CI-CW dislocation structure into CBs and
CBBs at 8 % deformation in DC06 subject to plane strain tension in
the RD, which corresponds here with the tension direction (TenD).
The central grain belongs to the general c2-fiber. The formation of
CBBs is stronger in the vertical direction than in the horizontal
direction. The segments of CBBs show a stronger curvature than in
uniaxial tension. a Micrograph, b Schematic
1 µm
[1-10]
(0-11)
TenD, RD
Fig. 10 Characteristic CBBs for plane strain tension after 20 %
(aP = 21.1 %) plane strain tension in the RD for c2-grain
1 µm
[-242]
(110)
(2-11)
SD, RD
Fig. 11 Two families of CBBs after 30 % (aP = 17.3 %) simple
shear in the RD for a c1-grain
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section. The micrograph shown in Fig. 12) was prepared
from a sample subjected to monotonic shear of 12 %
(aP = 6.6 %). The grain belongs to the general c-fiber.
In addition, the CBs are more square with sides parallel
and perpendicular to the loading direction. Single dislo-
cations can be observed less frequently in CBs (e.g., the
CB highlighted with a circle in Fig. 12a) than in the ten-
sion case. The number of cells per area is about 1.5 times
as high as in plane strain tension at comparable levels of
the deformation. In simple shear, a stronger influence of
the orientation of single grains is observed. The deformed
c1-grain (30 % shear in the RD=SD) shown in Fig. 11
shows similar rectangular cells as the one in Fig. 12.
However, the inclination of the DDWs with respect to the
macroscopic axes are different. In the c1 in Fig. 11, one
family of DDWs is parallel to the SD, while in the general
c-grain, the shear direction is inclined approx. 45 to the
SD. Note that the direction of the shear direction with
respect to the RD differs in these two grains. The occu-
rence of two families of DDWs in c1-grains is not frequent.
c1-grains often show one family of DDWS. Figure 6 in
[27] shows a c2
*-grain of a specimen after 30 % shear in the
TD from the same set of experiments as was considered in
this work. The grain shows one distinct family of DDWs
roughly inclined 45 to SD. The CBs within the CBBs are
also rectangular, almost square. Similar to the tension case,
two families of DDWs are observed more frequently in the
vicinity of grain boundaries. As in the tension case, this
hints at an indirect influence of the grain size, i.e., with
decreasing grain size these effects can be observed more
frequently.
Reverse shear
The dislocation microstructure after moderate amounts of
forward shear and moderate amounts of reverse shear
shares similarities with the monotonic shear case. The
micrograph shown in Fig. 13b was prepared from a sample
subjected to 12 % forward and 12 % reverse shear
(resulting aP = 13.9 %). The grain belongs to the c1-fiber.
Due to the relatively small amplitudes of applied shear and
the reversal of deformation, it can be assumed that the
grain also initially belonged to the c-fiber. The underlying
rectangular pattern of CBBs is also visible in the central
region in the schematic of Fig. 13b.
However, reversal of the direction of deformation leads
to partial disintegration and distortion of the dislocation
microstructure created in forward shear. In the lower left-
hand corner of Fig. 13a, it appears that a DDW was partly
disintegrated (highlighted by the white ellipse) because the
traces of a former DDW are clearly visible outside, but not
inside the ellipse. A section of the mentioned DDW has
split into two double walls (DWs) above the section where
the DDW vanished. Another partly disintegrated DDW is
highlighted by the second white ellipse in the center of
Fig. 13a. In the top center of Fig. 13b, a black ellipse
highlights a single cell block. It can be assumed that the
corresponding CB had initially been rectangular, but was
distorted after the reversal of the deformation.
Plane strain tension to shear
As shown in Fig. 14 for a general c-grain, in plane strain
tension followed by simple shear, dislocations arrange in a
1 μm
SD
RD
[100]
(2-11)
(10-1)
(a) 
1 μm
CB
GB
CBB
CBB
(b)
Fig. 12 Dislocation microstructure after 11.5 % (aP = 6.6 %) mono-
tonic simple shear in the transverse direction. The right grain belongs
to the general c-fiber. The schematic emphasizes the characteristic
rectangular, almost square, shape of CBBs in the monotonic simple
shear case. The CBBs tend to be thicker (average thickness
&250 nm) than in the uniaxial tension case (average thickness
&100 nm). The ellipse in (a) highlights a cell which contains a high
number of single dislocations. a Micrograph, b Schematic
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grid-like structure dominated by CBBs. The micrograph
shown in Fig. 14 was prepared from a sample subjected to
11 % tension and 35 % shear (resulting aP = 30.3 %). The
grid-like structure appears especially in grains with a Sch-
mid factor between 0.25 and 0.5. Here, the Schmid factor
refers to the tension phase. More than half of the grains fall
into this category, as was determined by EBSD measure-
ments. In many cases, the dense dislocation walls run across
grain boundaries, even though slight changes in orientation
are observed. The schematic (Fig. 14b) emphasizes the
patterned structure of dense dislocation walls. Several of the
DDWs in the horizontal direction have split into double
walls (DWs) in Fig. 14b. The cell-block boundaries parallel
to the shear direction in Fig. 14 are former microbands
which have cut through the planar dislocation structure
from the tensile loading and have evolved into cell-block
boundaries with increasing shear load.
In comparison with earlier studies on uniaxial tension to
shear tests (e.g., by [1]), it appears that fragmentation in the
uniaxial tension to shear tests is stronger than in the plane
strain tension case. This is consistent with the observations
made for the differences in monotonic uniaxial tension and
plane strain tension.
Histographic analysis
In addition to these investigations, the thickness of DDWs
was measured for 20 % (aP = 18.2 %) and 30 %
1 μm
RD, SD1
SD2
[-224]
(-101)
(-12-1)
(a)
CB
1 μm
CW
DW
(b)
Fig. 13 Dislocation microstructure after 12 % forward shear in the
direction SD1 and 12 % reverse shear (resulting aP = 6.6 %) in the
direction SD2, both parallel to the rolling direction (RD). Partially
disintegrated DDWs/CBBs are highlighted by ellipses in (a). On the
top of (b), a distorted, initially probably rectangular CB is marked by
an ellipse. A c1-grain is shown. a Micrograph, b Schematic
1 μm
SD
RD, TenD
(2-1-1)
(0-11)
(a)
1 μm
DDW
DW
DW
(b)
Fig. 14 Microstructure in a general c-grain after plane strain tension
to F22 - 1 = 0.11 in the direction TenD followed by release and
reloading in simple shear to F12 = 0.35 in the direction SD. Note the
characteristic grid-like structure formed by CBBs. a Micrograph,
b Schematic
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(aP = 26.2 %) uniaxial tension in the RD, 20 %
(aP = 21.1 %) plane strain tension in RD ,as well as 30 %
(aP = 17.3 %) and 50 % (aP = 28.9 %) shear in the TD.
The DDW thickness was determined only in c-grains.
Before taking a picture which was used for the deter-
mination of the thickness of DDWs, it was moderately
tilted and it was checked that the variation in thickness of
the majority of DDWs does not exceed 10 %. Fig. 15
shows the histogram for 20 % uniaxial tension in the RD.
The thickness was determined for 174 DDWs in 11 grains.
The average (arithmetic mean) thickness of DDWs is
147 nm with a standard deviation of 118 nm. This varia-
tion illustrates that at this deformation level, the dislocation
microstructure is not in the saturated state, and that there
are variations due to the specific orientation of a particular
grain and its interaction with adjacent grains. At the
investigated levels of deformation, the determination of the
thickness of DDWs is complicated due to the fact that some
DDWs are diffuse as mentioned before. This means that
dislocation tangles or parts of walls of CBs might be close
to the DDW. This is especially the case when DDWs
appear to be thicker than 250 nm. This uncertainty in the
data is accounted for in the histograms of Fig. 16 by an
increase in size of the histogram bins with increasing wall
thickness. Figure 16b (30 % uniaxial tension) and Fig. 16a
show that the thickness of DDWs decreases with increasing
deformation.
The average thickness determined on the basis of 84
DDWs in 4 grains is 118 nm with a standard deviation of
53 nm. This illustrates that the DDWs are more pro-
nounced and that there are less fluctuations. The reduction
of the thickness of DDWs with increasing deformation
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Fig. 15 Distribution of thickness of DDWs on the basis of measure-
ments of 174 walls in 11 c-grains for 20 % (aP = 18.2 %) in uniaxial
tension in RD for equidistant histogram bins
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Fig. 16 Histograms illustrating the decrease of wall thickness and
decrease of variation in wall thickness with increasing deformation as
well as the differences in the DDWs for tension and shear, i.e., DDWs
in shear are more pronounced leading to a smaller variation. The
centers of the leftmost bins are 25 and 50 nm. a 20 % (aP = 18.2 %)
uniaxial tension, b 30 % (aP = 26.2 %) uniaxial tension, c 30 %
(aP = 17.5 %) simple shear, d 50 % (aP = 28.9 %) simple shear
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seems to be stronger for comparable deformation in simple
shear. The average thickness of DDWs was determined as
123 nm with a standard deviation of 84 nm at 30 %
(aP = 17.5 %) shear in the TD (Fig. 16c). This changes to
an average thickness of 68 nm with a standard deviation of
23 nm at 50 % (aP = 28.9 %) shear in the TD (Fig. 16d).
The thickness of 78 DDWs was determined in 3 grains. The
analysis of the histograms shows that at comparable levels
of deformation, the variations in the thickness of DDWs
tend to be smaller in shear than in tension. This confirms
the tendencies described in the previous section, which
were based on an optical analysis of micrographs and their
schematic counterparts.
Analysis and discussion
The interpretation of the investigated TEM images yielded
that the average thickness of wall structures (here, we
group CWs, DDWs, and CBBs together for simplicity) can
be used to distinguish the dislocation structures formed
during the investigated loading paths: uniaxial tension,
plane strain tension, monotonic shear, forward to reverse
shear, and plane strain tension to shear. Additional criteria
are the number of cell structures (CBs and regular cells) per
area and the shape of cells and CBs. In particular, a sub-
stantial difference between the morphology of the dislo-
cation structure corresponding to tension (plane strain and
uniaxial) and simple shear loading was observed. The
analysis of the distribution of the thickness of DDWs in a
number of grains shows a tendency that the thickness of
DDWs refines with increasing deformation. This was also
observed by Li et al. [45] for cold rolling of IF-steel at
higher strains (rolling reduction up to 90 %) and by Hughes
et al. [51] for nickel (rolling reductions up to 98 %). This
refinement seems to be more pronounced in the case of
simple shear because the rate of decrease in wall thickness
per increase of equivalent strain is larger than in uniaxial
tension. These statistics show the tendencies of wall
thickness evolution at the relatively small strain range
investigated in this study. The cited previous studies focus
on larger strains and only one deformation mode [45, 51]
number of investigated walls. The statistics could be
improved by increasing the number of evaluated grains and
by focusing on the distribution of structural parameters,
e.g., the thickness of DDWs for the different components
of the c-fiber.
In simple shear, the morphology of the dislocation
structure is also related to the crystal orientation [2].
According to the results of Nesterova et al. [2], the dislo-
cation structures in stable c-grains show pronounced
DDWs in monotonic shear. There is usually one family of
DDWs almost parallel to the rolling, respective, shear
direction according to [2]. In the case of general c-fiber
grains, a stronger appearance of two families of DDWs and a
stronger inclination of one family of DDWs against the
rolling, respective, shear direction is reported. This general
tendency can be confirmed. Furthermore, the partial disin-
tegration of the characteristic c1 shear dislocation structure
during shear to reverse shear is observed. In Fig. 13, the main
family of DDWs is almost parallel to the rolling, repective,
shear direction. There are some short DDWs inclined 45
toward this direction. Figure 11 shows that two families of
DDWs may also occur in c1 grains. Li et al. [45] argued that
there is no strict correlation between the local crystallo-
graphic orientation and the exact morphology of the dislo-
cation microstructure in IF-steel during rolling.
If the deformation in the transverse direction is
neglected in cold rolling, the macroscopic deformation
state of rolling and plane strain tension in the rolling
direction can be compared. Li et al. [45] investigated the
microstructure evolution during cold rolling for rolling
reductions between 10 and 90 % in IF-steel. Even though
the texture of the initial state of the material used in their
study and in the current study varies due to the different
processing, the results of Li et al. [45] for the smaller
investigated rolling reductions of 10 % (aP = 12 %) and
30 % (aP = 41 %) can be qualitatively compared with the
current plane strain tension cases. For 10 % rolling
reduction, Li et al. [45] report that ‘‘one or two well
defined sets of dislocation’’ walls appear and that these are
‘‘inclined in the longitudinal plane to RD at an angle of
&±40.’’ They also observed that ‘‘offsets’’ appear in the
dislocation walls, which is consistent with the current
notion of higher curvature of CBBs in plane strain tension
compared to uniaxial tension. As was mentioned in the
section describing the dislocation microstructure of plane
strain tension, Li et al. [45] observed a tendency toward the
formation of only a single set of dislocation walls with
increasing deformation during rolling. The results also
showed that the CBBs were parallel to a {110} slip plane
[45] in most cases. The shape of dislocation microstruc-
tures in simple shear is more regular, i.e., the CBs are
rectangular. The aspect ratio of the two edges of a rect-
angular CB tends to be close to 1:1. However, the dislo-
cation density in the CBBs in plane strain tension is
considerably lower than in simple shear.
A smaller difference in the intensity of fragmentation
distinguishes the dislocation structure in plane strain ten-
sion and uniaxial tension. The CBs in plane strain tension
have a stronger curvature, and the number of cells at the
same normal strain is about twice as large in uniaxial
tension as compared to plane strain tension. The knowledge
of the morphology of dislocation structures for a certain
type of deformation is relevant in the context of the
‘‘principle of similitude’’ discussed in [37]. According to
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the principle of similitude, a specific material exhibits a
specific pattern of low-energy dislocation structures such as
the mentioned cell walls, dense dislocation walls, and cell-
block boundaries. Their scaling changes with deformation.
This knowledge may be used to analyze whether the
deformation in a specimen, e.g., a simple shear test spec-
imen, is homogeneous. It may also be investigated whether
tension loading is superimposed due to problems with the
test setup. Some of the authors of the present study are
preparing a work where the homogeneity of the deforma-
tion in shear specimen is analyzed on the basis of optical
strain measurements and TEM investigations of the dislo-
cation microstructure.
In the case of changes in loading path, the interaction of
different dislocation structures formed during different
deformation modes leads to changes in the observed pat-
terns. In the case of load reversal, e.g., forward to shear
loading, the authors observed a partial disintegration and
distortion of cell structures for moderate forward to reverse
shear, but hesitate to use the term ‘‘dissolution of cells’’ as
Hasegawa et al. [9] used in their work on pure aluminum
because this term implies that cells vanish completely. The
existence of partially disintegrated and distorted cell
structures indicates that the investigated sample has been
subjected to a load reversal. Since load reversal leads to the
occurrence of the Bauschinger effect [32] and hardening
stagnation as Fig. 3 shows, this indicator is an indirect
indicator for properties of a sheet forming process. An
example for this is the investigation made for the two-stage
drawing process of a cup in [23]. Predictions for the punch
force, obtained with a model that accounts for the transient
hardening behavior after loading path changes, agreed well
with the experimental punch force for the second stage.
During the second stage, the punch force dropped consid-
erably when parts of the cup experienced a load reversal.
For the case of an orthogonal loading path change, e.g.,
plane strain tension to shear, the TEM analysis shows that
an orthogonal loading path change leads to changes in the
dislocation structure. Traces of characteristic elements of
the dislocation structure corresponding to monotonic plane
strain tension and monotonic simple shear are observed.
This results in the ‘‘chess board’’ structure shown in
Fig. 14. In the current investigation, the dislocation struc-
ture after plane strain tension to simple shear was analyzed
for the first time for interstitial free steel. In previous works
on orthogonal loading path changes, similar patterns for
uniaxial tension to shear were observed [1, 2, 5]. We
support and adopt the explanations for the micromechani-
cal background of cross hardening and the corresponding
evolution of the dislocation structure given in [1, 2, 5]. The
stress-deformation behavior observed for plane strain ten-
sion to shear is in qualitative agreement with the one for
uniaxial tension to shear reported, for e.g., in [49]. CBBs
associated with the shear loading are observed after plane
strain tension to shear loading. We support the idea of
Rauch et al. [5] that these CBBs can be associated with
glide systems which became active in the shear phase. The
CBBs which formed during plane strain tension represent
obstacles to dislocation glide on the glide systems corre-
sponding to shear loading. This results in the increase of
the shear stress on the macroscopic scale. The period of
hardening stagnation after the loading path change is
related to the weakening and partial disintegration of dis-
location structures associated with plane strain tension
loading. Examples for this are the DWs in Fig. 14, which
were formed after splitting of a DDW. This DDW had
formed during plane strain tension.
A key idea of this work, i.e., the characterization of the
dislocation microstructures for small to moderate strains
and different deformation modes’ strains, is based on many
earlier works. In our opinion, the first step is the charac-
terization of monotonic deformation paths. Deformation
paths involving more than one stage or a combination of
base modes might be interpreted as a superposition of
already known ‘‘base’’ modes. Important earlier works in
this context analyze the principles of scaling and similitude
of dislocation structures in single crystals and polycrys-
talline metals. Several works focus on the analysis of
correlation between different microstructural parameters of
dislocation structures. Pantleon [50] proposed a statistical
model for incidental boundaries (IBs) which relates the
square root of the plastic strain a per slip system with the
average misorientation angle have according to
Have ¼
ffiffiffiffiffiffiffiffi
pbP
d
r
ffiffiffi
a
p ð1Þ
where b, P, and d are the Burgers vector, the immobilization
probability, and the size d of an IB, respectively. Pantleon
and Stoyan [4] developed a more elaborate model to
establish that there is an anti-correlation between the single
misorientation angles of IBs. Their statistical analysis
shows that the experimentally observed saturation of the
misorientation angle across an increasing number of IBs can
be explained by the fact that misorientations in neighboring
IBs are of the opposite sign. We deduct from these obser-
vations that ordering principles or mechanisms exist which
result in the formation of dislocation microstructures.
Similarly, the morphology of these structures seems to
follow certain principles. Hughes and Hansen [51] investi-
gated the evolution of the microstructure during cold rolling
in nickel over a strain range up to aP. The analysis of the
average size of IBs dave and the average misorientation have
shows that the product of these quantities remains constant
over this strain range. Similar results were found for a-iron
by Langford [52]. Hughes and Hansen [51] also found a
linear scaling law for the dependence of the average size of
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GNBs dave
GNB and their thickness dave
GNB. Two separate (power)
scaling laws for the dependence of the average misorien-
tation of GNBs and IBs on the accumulated plastic defor-
mation aP were identified based on earlier work [53].
The analysis of the morphologies of the dislocation
structure and the corresponding statistical analysis of the
wall thickness indicate that there is a specific ‘‘TEM sig-
nature,’’ a term introduced by a reviewer of a previous
version of this work. The term TEM signature implies that
there are unique features of the dislocation structure which
can be used to determine which kind of monotonic defor-
mation a material has experienced.
This knowledge may be used in the analysis of deep-
drawn parts. The results of simulations with a microstruc-
tural model indicate that cross hardening leads to larger
deformations due to springback [22]. Wang et al. [22]
investigated the ring opening of split rings cut from deep-
drawn cups. A TEM analysis of the dislocation structure may
reveal whether loading path changes have led to changes in
the dislocation structure. Since there is a correlation between
the dislocation microstructure and the stress-deformation
behavior, the analysis of the dislocation microstructure may
be used to make statements on the deformation history in
addition to or independently from simulations.
Conclusions
The immediate results of this investigation are:
– There are characteristic features of the dislocation
structure which can be used to correlate a loading path
to a specific dislocation structure in interstitial free steels.
For the investigated loading paths, these characteristics
are:
– The characteristic cell shape of simple shear is
rectangular with an aspect ratio close to 1:1. The
refinement of the wall thickness in simple shear with
increasing deformation seems to be greater than in
uniaxial tension. There are very few single dislocations
inside of cells in simple shear.
– The morphologies of the dislocation structure in simple
shear, especially the number of families of DDWs and
their orientation, are influenced by the specific crystal-
lographic orientation. The results of the current work
indicate that this is a general tendency, but not a strict
correlation as reported in previous works.
– At the small strain level investigated, the tendency to
wall refinement of DDWs can be observed for uniaxial
tension and simple shear.
– Additional statistical analysis of a larger number of grains
and other structural parameters, e.g., the misorientation and
the cell size, will help to characterize the morphology of
dislocation structures for the investigated deformation level.
– Cells are polygonal after tension. Most cells are
quadrilateral after uniaxial tension. The edges are
rather straight in uniaxial tension. In contrast, cells after
plane strain tension may have more than four edges.
The cell walls show stronger curvature in plane strain
tension than in uniaxial tension. The fragmentation is
less intense in plane strain tension.
– After loading reversal, partial disintegration and dis-
tortion of previously formed dislocation structures are
observed.
– After orthogonal loading path changes, characteristic
elements of the dislocation structure belonging to both
loading modes are observed. Interaction of different
families of dislocations leads to weakening of ‘‘old’’
dislocation structures.
The previous results are relevant in the context of:
– Application of this knowledge to an a posteriori
analysis of test specimen to verify the homogeneity
of the deformation and the degree to which the desired
loading path was realized.
– Application of this knowledge to an a posteriori analysis
of sheet metal parts in order to make statements whether
the dislocation structure shows indicators of loading
path changes in complex parts. If such evidence is
found, the transient hardening may have affected the
process or the properties of the final part.
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